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Blood-brain barrier (BBB) models are often used to investigate BBB function and screen brain-penetrating 
therapeutics, but it has been difficult to construct a human model that possesses an optimal BBB phenotype 
and is readily scalable. To address this challenge, we developed a human in vitro BBB model comprising 
brain microvascular endothelial cells (BMECs), pericytes, astrocytes and neurons derived from renewable 
cell sources. First, retinoic acid (RA) was used to substantially enhance BBB phenotypes in human 
pluripotent stem cell (hPSC) -derived BMECs, particularly through adherens junction, tight Junction, and 
multidrug resistance protein regulation. RA-treated hPSC-derived BMECs were subsequently co-cultured 
with primary human brain pericytes and human astrocytes and neurons derived from human neural 
progenitor cells (NPCs) to yield a fully human BBB model that possessed significant tightness as measured 
by transendothelial electrical resistance (—5,000 Qxcm^). Overall, this scalable human BBB model may 
enable a wide range of neuroscience studies. 

The blood-brain barrier (BBB) is composed of brain microvascular endothelial cells (BMECs) which line brain 
capillaries and control molecular and cellular trafficking between the bloodstream and neural tissue. These 
properties are tightly regulated by the surrounding neurovascular microenvironment throughout BBB 
development and into adulthood. While this barrier is essential for preserving healthy brain activity, its dysfunc- 
tion has been implicated in a number of neurological diseases'. Moreover, an intact BBB serves as a major 
bottleneck for brain drug delivery^. Studies regarding BBB development and regulation can be difficult and 
time-consuming to conduct in vivo and testing brain penetration of therapeutics in vivo is a low throughput 
endeavor. As such, in vitro BBB models have been widely implemented to study interactions between BMECs and 
other cells of the neurovascular unit and to conduct screens for prospective BBB-permeant drugs. 

In vitro BBB models are typically constructed using primary BMECs isolated from animal brain tissue, 
including bovine, porcine, rat, and mouse (reviewed extensively in ref 3). These BMECs are then co-cultured 
with combinations of other cells of the neurovascular unit, such as neurons, pericytes, and astrocytes, to upre- 
gulate BBB properties'*"'. Models derived from animal tissue have proven extremely useful in studying various 
aspects of the BBB, such as developmental and regulatory mechanisms" and assaying drug permeability, but it is 
generally well-accepted that owing to species differences, a robust human BBB model is vital to achieve a detailed 
understanding of human developmental pathways and to conduct relevant drug discovery and design studies". 
Human BMEC sources for BBB models have previously consisted of either primary biopsied brain tissue'"* '^ or 
immortalized cell lines"". Primary human BMECs typically possess moderate barrier properties but are of limited 
scale" '^, and immortalized BMECs are clonal and readily scalable but often suffer from suboptimal barrier 
properties"" ". From a co-culture perspective, human neurons, astrocytes, and pericytes can also be difficult to 
obtain from primary tissue sources in sufficient quantities for modeling purposes. These collective issues have 
hindered the development of in vitro human BBB models that are both high fidelity and scalable^. 

We have recently demonstrated that stem cells may be attractive candidates to replace primary cells in human 
BBB models. Human pluripotent stem cells (hPSCs), including both human embryonic stem cells (hESCs) and 
induced pluripotent stem cells (iPSCs), can be differentiated into cells possessing both endothelial and BBB 
properties (coined hPSC-derived BMECs) via co-differentiation of neural and endothelial progenitors, followed 
by selection and subsequent culture of the endothelial cells'". The iPSC-derived BMECs co-cultured with rat 
astrocytes possessed reasonable barrier tightness as measured by TEER (860 ± 260 Qxcm^y, but the TEER 
remained below some primary bovine''^ and porcine"'"'^' models (800-2,000 flxcm^) and substantially lower than 
in vivo TEER (measured up to 5,900 Qxcm"')^"'. In searching for candidates to improve the BBB phenotype, we 
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Figure 1 | RA treatment modulates BBB properties in differentiating IMR90-4 iPSCs. 10 |iM RA was used for all experiments except those in panel D. 
(A) All data were collected from mixed, differentiating cultures after 48 h of EC medium treatment with or without RA. (B) Expression of PECAM-1, 
GLUT-1, occludin, claudin-5, and VE-cadherin. DAPI overlay is shown for VE-cadherin in the control culture. (C) Representative flow cytometry 
histograms of VE-cadherin expression in control and RA-treated cultures. Mean ± S.D. of VE-cadherin* cells due to RA treatment was calculated from 
seven biological replicates where a biological replicate is defined as an independent hPSC differentiation experiment. (D) Western blots after treatment 
with 0, 1, or 10 |iM RA. (E) Representative flow cytometry dot plots of GLUT-1 and PECAM-1 populations in control and RA-treated differentiating 
cultures. Red dots, PECAM-1 +/GLUT-1+ cells; blue dots, PECAM-1 +/GLUT-r cells; green dots, PECAM- r /GLUT- r cells. Statistical significance 
listed in the Results section was calculated on three independent biological replicates using the student's unpaired t-test. (F) Total cell number was 
quantified by counting trypsin-dissociated cells. Control cells, N = 18; RA-treated cells, N = 7. Data are represented as mean ± S.D. with statistical 
significance calculated using the student's unpaired t-test. 



identified all-trans retinoic acid (RA). BMECs in vivo have been 
shown to express retinol-binding protein and its membrane receptor 
STRA6^-', STRA6 expression has been detected in brain endothelium 
but not peripheral endothelium in adult mice'''', and STRA6 express- 
ion was increased during the differentiation of hPSC-derived BMECs 
in our previous work'". Moreover, RA has been shown to upregulate 
certain BBB properties in immortalized rodent^^'^" and human^' 
BMEC lines. In this manuscript, we demonstrate maturation of 
hPSC-derived BMEC phenotypes following retinoic acid (RA) addi- 
tion during the differentiation process, including enhanced adherens 
junction protein expression, barrier function, and multidrug resist- 
ance protein (MRP) efflux activity. We also demonstrated in pre- 
vious work that primary human neural progenitor cells (NPCs) 
could be differentiated to a defined mixture of neurons and astro- 
cytes capable of inducing BBB properties in rat BMECs in co-cul- 
ture^. In this manuscript, it is shown that under optimized culture 
conditions, RA-treated hPSC-derived BMECs sequentially co-cul- 
tured with primary human brain pericytes and NPC-derived astro- 
cytes and neurons can achieve physiologic TEER values, forming a 
scalable, fully human BBB model. 

Results 

RA enhances BBB properties in hPSC-derived BMECs. IMR90-4 
iPSCs were first differentiated for 6 days in unconditioned medium 
(UM) to generate a mixed population of neural cells and immature 
BMECs as previously described'". Then, RA was added during the 2 



days of EC medium treatment (Fig. lA) and resultant cells were 
analyzed. RA-treated cultures exhibited similar profiles of vascular 
and BBB markers as described previously'", with PECAM-1, GLUT- 
1, claudin-5, and occludin all widely expressed in the differentiating 
cell population (Fig. IB). However, whereas cultures under the 
standard EC treatment protocol did not express VE-cadherin until 
after passaging and purification on coUagen/fibronectin matrix'", RA 
treatment during the EC treatment phase substantially induced VE- 
cadherin expression prior to passage and purification, and the effect 
was dose dependent requiring 10 |J,M RA (Fig. IB-D). After 2 days of 
RA treatment in EC medium, 27 ± 6% of the cultures expressed VE- 
cadherin (Fig. IC). By comparison, the epithelial marker E-cadherin, 
which is expressed in undifferentiated hPSCs^", was not detected by 
flow cytometry and exhibited weak junctional expression by 
immunocytochemistry in both control and RA-treated cells after 
the EC treatment phase (Supplementary Fig. SI online). In 
addition to modulating adherens junctions by increased VE- 
cadherin expression, RA treatment also led to changes in tight 
junction protein expression yielding a 4-fold increase in occludin 
expression and a 1.7-fold decrease in claudin-5 expression (Fig. ID). 

Next, the effect of RA treatment on differentiation efficiency was 
tested by evaluating the percentage of the mfaced differentiating cul- 
tures that acquired BMEC properties as defined by PECAM-1^ cells 
having elevated GLUT-1 expression (GLUT-1*)'". The percentage of 
PECAM-1* cells did not change upon RA treatment (control: 66 ± 
6% versus RA-treated cells: 67 ± 15%, p > 0.05) (Fig. IE). RA 
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treatment also did not affect the fraction of the endothehal cells 
becoming PECAM+/GLUT-1+ BMECs (control: 88 ± 6% versus 
RA-treated: 82 ± 16%, p > 0.05) (Fig. IE). While RA treatment 
did not change the overall distribution of BMECs in the culture dish, 
it did result in a statistically significant increase (195 ± 70%; p < 
0.0001) in total cell number (Fig. IF). Therefore, by increasing the 
proliferation of both BMECs and other cells in the dish (e.g. neural 
progenitors) without changing their relative abundance, RA treat- 
ment led to an approximately 2-fold increase in BMEC yield. 

Given the initial findings that adherens and tight junction protein 
expression were enhanced by RA addition during BMEC differenti- 
ation, we sought to determine if RA effects continued to manifest 
themselves in purified BMEC cultures"*. Several important measures 
of a robust BBB phenotype, including smooth tight junction 
strands^'^'^, elevated TEER, and active efflux transport systems were 
therefore evaluated. Control and RA-treated iPSC-derived BMECs 
were purified by selective adhesion on coUagen/fibronectin-coated 
polystyrene plates or Transwell filters and grown to confluence as 
monocultures in EC medium with or without RA, as appropriate 
(Fig. 2A). As previously demonstrated for control BMECs'", RA- 
treated BMECs could be purified by passage onto coUagen/fibronec- 
tin and flow cytometry analysis demonstrated that 95-98% of the 
subcultured cells expressed VE-cadherin, claudin-5, and occludin 
(Fig. 2B). Immunocytochemical analysis also indicated that clau- 
din-5 and occludin localized to cell-cell borders in both control 
and RA-treated BMECs (Fig. 2C). Quantitative morphological ana- 
lysis of tight junction continuity indicated that control iPSC-derived 
BMECs possessed a percentage of discontinuous tight junction 
strands with frayed edges (13 ± 7%), while RA-treated BMECs dis- 
played almost entirely smooth junctions (2 ± 1% frayed edges; 
Fig. 2C, p < 0.05). Once confluent, purified iPSC-derived BMECs 
were shifted to modified EC medium (EC medium lacking bFGF), 
and TEER measurements were used to functionally evaluate the tight 
junctions. Similar to our previous results, control iPSC-derived 
BMECs demonstrated TEER values of 228 ± 57 fixcm^ (ref 18). 
However, RA-treated BMECs exhibited strikingly increased TEER 
of 2,940 ± 800 nxcm^ (Fig. 2D) across 12 independent biological 
replicates (Table 1). Collectively, these data indicate that RA treat- 
ment during differentiation significantly enhances the barrier 
phenotype of purified iPSC-derived BMECs. 

RA was next examined for its capability to modulate transporter 
expression and activity. Transcripts encoding ABCBl (p-glycopro- 
tein), ABCG2 (breast cancer resistance protein, BCRP), ABCCi 
(multidrug resistance protein 1, MRPl), ABCC2 (MRP2), ABCC5 
(MRP5), and STRA6 were upregulated following RA treatment 
(AAC, values of 1.6 ± 0.4, 1.8 ± 0.2, 2 ± 0.7, 1.3 ± 0.3, 0.9 ± 0.3, 
and 2.5 ± 0.7 respectively, compared to control) while ABCC4 
(MRP4) and SLC2A1 (GLUT-1) did not exhibit any change 
(Fig. 2E). P-glycoprotein, BCRP, and MRPl were detected by immu- 
nocytochemistry in RA-treated iPSC-derived BMECs (Fig. 2F) and 
flow cytometric quantification demonstrated that RA treatment 
increased MRPl protein expression 1.3-fold while p-glycoprotein 
and BCRP protein expression levels were unchanged (Supplemen- 
tary Fig. S2 online). To assess changes in efflux transporter activity 
resulting from RA treatment, purified iPSC-derived BMECs were 
first incubated with the cell-permeable, fluorescent p-glycoprotein 
substrate rhodamine 123 and intracellular accumulation was mea- 
sured in the presence or absence of cyclosporin A (CsA), a p-gly- 
coprotein inhibitor. Both control and RA-treated BMECs exhibited 
an increase in rhodamine 123 accumulation in the presence of CsA 
(control, 221 ± 39%; RA, 316 ± 117%; Fig. 2G) but the normalized 
increases between each treatment were not statistically different (p > 
0.05). Similarly, if rhodamine 123 transport was measured across an 
iPSC-derived BMEC monolayer cultured on a Transwell filter, 
increased apical to basolateral transport was observed in the presence 
of CsA (control, 172 ± 7%; RA, 187 ± 30%; Fig. 2G) but the relative 



increase in the RA treated system was again statistically insignificant 
(p > 0.05). These results indicate p-glycoprotein activity was not 
increased by RA treatment. Next, the effect of RA treatment on the 
accumulation of radiolabeled doxorubicin, a pan-substrate of p-gly- 
coprotein, BCRP, and the MRP family, was tested. Treatment with 
CsA, Kol43 (a BCRP inhibitor), or MK 571 (an MRP family inhib- 
itor) resulted in increased accumulation (Fig. 2G) but once again, the 
relative increase between control and RA-treated BMECs was stat- 
istically insignificant (p > 0.05 for all inhibitors). Thus, although 
flow cytometric quantification indicated increased MRPl protein 
levels upon RA treatment, doxorubicin accumulation in the presence 
of MRP inhibitor was not significantly enhanced by RA. However, 
with a pan-substrate such as doxorubicin, competing efflux by p- 
glycoprotein and BCRP efflux could mask any putative increase in 
MRP activity. As such, we tested accumulation of carboxymethyl- 
2',7'-dichlorofluorescein diacetate (DCFDA), a cell-permeable MRP 
family substrate that becomes fluorescent upon acetate cleavage by 
intracellular esterases. As expected, control BMECs demonstrated an 
increase in uptake upon MK 571 treatment (164 ± 7%) but contrast- 
ing to the results observed with doxorubicin, RA-treated BMECs 
demonstrated significantly higher levels of uptake in the presence 
of MK 571 (436 ± 57%; p < 0.005; Fig. 2G). Collectively, these results 
indicate that of the three efflux transporter families tested, only MRP 
expression and activity were increased by RA treatment during the 
iPSC differentiation process. 

RA effects translate to BMEC differentiation from other hPSC 
lines. Having demonstrated improved BBB properties in response 
to RA using IMR90-4 iPSCs, we sought to confirm RA-specific effects 
on other hPSC lines. Similar to the IMR90-4 line, differentiating DF- 
19-9-llT iPSC cultures exhibited induced VE-cadherin expression 
in response to RA treatment (Supplementary Fig. S3 A online). RA- 
treated DF19-9-llT-derived BMECs possessed smooth and 
continuous tight junctions after purification (Supplementary Fig. 
S3B and S3C online) and exhibited an elevated TEER of 1,710 ± 
420 ilxcm^ (Table 1 and Supplementary Fig. S3D online). 

We next tested H9 hESCs, which in our previous work could be 
differentiated to cells expressing BMEC markers but did not generate 
pure barrier-forming endothelium"*. This contrasts with the IMR90- 
4 iPSC line that yielded a high fraction of BMECs during differenti- 
ation, even in the absence of RA (Fig. IE)"". We therefore tested 
whether RA could enhance BMEC formation at the expense of 
non-BBB endothelium during H9 hESC differentiation. Addition 
of RA during 2 days of EC medium treatment or an extended 3 days 
of EC medium treatment was found to induce VE-cadherin express- 
ion (Supplementary Fig. S4A online) but did not the change the 
fraction of PECAM-1^ cells becoming BMECs (Supplementary 
Fig. S4B online). If instead, 1 day of EC medium expansion was 
followed by 3 days of culture in EC medium containing RA (6D 
UM, ID EC, 3D EC+RA), the number of PECAM-1+/GLUT-1 + 
BMECs increased to nearly 95% of the total PECAM-1+ population 
(Supplementary Fig. S4B online). These BMECs could be purified 
by passaging onto coUagen/fibronectin (Supplementary Fig. S4C 
online), which led to elevated TEER (646 ±310 Qxcm^) compared 
to BMECs receiving 4D EC treatment without RA (6D UM, 4D EC; 
123 ± 4 Qxcm^; p < 0.05; Supplementary Fig. S4D online). The 
increased TEER was also accompanied by smooth tight junctions 
in the RA-treated BMECs (Supplementary Fig. S4E online). Thus, 
extended EC treatment plus RA supplementation (ID EC, 3D 
EC + RA) can be used to induce BBB phenotypes in lines that may 
display deficits in BMEC differentiation efficiency using the standard 
2D EC medium culture protocol. 

iPSC-derived BMECs respond to inductive cues from NPC-derived 
astrocytes and neurons and primary human hrain pericytes. We 

previously demonstrated that human NPCs differentiated for 12 
days could elevate TEER values in primary rat BMECs upon 
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Figure 2 | Passive and active barrier properties in purified RA-treated IMR90-4-derived BMECs. 10 [iM RA was used for all experiments. (A) Analysis 
was conducted on purified BMECs in 12-well plates or Transwell filters with or without RA treatment. (B) Flow cytometric purity analysis of VE-cadherin, 
claudin-5, and occludin expressing cells in purified RA-treated BMEC preparations. (C) Evaluation of tight junction continuity for control and RA- 
treated BMECs. Frayed tight junction strands (arrowheads) were quantified. (D) TEER values for control and RA-treated BMECs. Statistical significance 
was calculated using the student's unpaired t-test. Mean ± S.D. was calculated across biological replicates (see Table 1 for full details). (E) Changes in 
efflux transporter gene expression by qPCR. ABCBl, ABCG2, ABCCl, ABCC2, ABCC5, and STRA6 were upregulated due to RA treatment (positive 
change in AAC,). ABCC4 and SLC2A1 were unaffected by RA. Mean ± S.D. were calculated from triplicate reactions and results are representative of two 
biological replicates. Statistical significance was calculated using the student's unpaired t-test {*, p < 0.01; **, p < 0.005). (F) Immunocytochemical 
detection of p-glycoprotein, BCRP, and MRPl in RA-treated BMECs. DAPI nuclear stain is overlaid in blue. (G) Efflux transporter inhibition in control 
or IM.-treated BMECs. All inhibitor-treated samples (control or RA-treated) were independently normalized to the corresponding non-inhibitor-treated 
samples. Statistical significance was calculated using the student's unpaired t-test and is discussed in the Results section. Only normalized DCFDA uptake 
in the presence of MK 571 was significantly different between control and RA-treated BMECs (p < 0.005). 
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Table 1 I Effect of RA treatment on TEER 



Treatment 


Biological Replicates 


Average TEER" (Qxcm^) 


Maximum TEER*" (ilxcm^) 


IMR9n-A-rlprivprl RMFC'i If = 9A h) 








Control 


N = 3 


228 ± 57 


281 ± 105 


+ RA 


N = 12 


2,940 ± 800 


3,670 ± 370 


DF19-9-n T-derived BMECs (t = 24 h) 








Control 


N = 2 


63 ± 16 


74 ± 8 


+ RA 


N = 2 


1,710 ± 420 


1 ,970 ± 290 


H9-derived BMECs (t = 24 hj 








Control 


N = 3 


123 ± 4 


126 ± 17 


+ RA 


N = 4 


646 ± 3 1 0 


1,030 ± 150 



1 0 [.iM RA was used for all experiments. 

a] Average TEER values are presented as mean ± S.D. calculated from a set of biological replicates, where each replicate is defined as a distinct BMEC differentiation experiment. These data ore shown 
graphically in Figure 2D, Supplementary Figure S3D online, and Supplementary Figure S4D online. 

b) Maximum TEER values are presented as mean ± S.D. calculated from triplicate filters. These values represent the highest TEER observed within the set of biological replicates. Maximum TEER was typically 
observed 24 h after bFGF was withdrawn from the culture media. 



co-culture'. To probe whether iPSC-derived BMECs would also 
respond to co-cultured human NPC-derived astrocytes and 
neurons, primary human NPCs were differentiated for 9, 12, or 15 
days to form mixtures of neurons and astrocytes (Supplementary 
Fig. S5A online), and co-culture with IMR90-4-derived BMECs 
(Fig. 3A, -RA, Scheme MNPC) was initiated in medium contain- 
ing 10% FBS (denoted NPC medium). All co-cultures produced 
elevated TEER (>400 Qxcm"') and no statistically significant 
differences were observed with respect to NPC differentiation time 
(Fig. 3B). By comparison, monoculture controls (Fig. 3A, -RA, 
Scheme MM) only reached a peak TEER of 108 ± 3 QjLcm\ 
IMR90-4-derived BMEC co-culture with primary human brain 
pericytes (Supplementary Fig. S5 online and Fig. 3A, -RA, Scheme 
MP) was then compared to co-culture with 12-day differentiated 
NPCs (Fig. 3A, -RA, Scheme MNPC) and while pericytes in- 
creased TEER, co-culture with differentiated NPCs induced higher 
TEER values (Fig. 3C; 297 ± 36 Oxcm^ versus 435 ± 25 Qxcm^; p < 
0.01). We next tested whether pericytes could "prime" the hPSC- 
derived BMECs for NPC co-culture by culturing subconfluent hPSC- 
derived BMECs with pericytes immediately following purification 
and then transferring the confluent BMECs into co-culture with 
differentiated NPCs 24 hours later (Fig. 3 A, -RA, Scheme PNPC). 
This sequential condition yielded the highest TEER compared with 
either pericyte or 12-day differentiated NPC co-culture alone 
(Fig. 3C; 611 ± 63 ilxcm"; p < 0.02). Thus, maximum TEER 
induction occurred when BMECs were exposed to both pericytes 
and differentiated NPCs. 

Co-culture enhances barrier properties of RA-treated hPSC- 
derived BMECs. To determine if RA treatment could synergize 
with the inductive tightening effects of pericytes and NPC-derived 
astrocytes and neurons, RA-treated hPSC-derived BMECs were 
incorporated into the human co-culture models illustrated in 
Figure 3A using NPC medium during the co-culture phase. As was 
observed with control IMR90-4-derived BMECs, co-culture of RA- 
treated BMECs with pericytes (Fig. 3 A, -l-RA, Scheme MP) increased 
TEER above the monoculture control (Fig. 3D and Table 2; t = 24 h, 
1,600 ± 53 fixcm" vs. 1,040 ± 110 ilxcm^; p < 0.002) while co- 
culture with differentiated NPCs (Fig. 3 A, +RA, Scheme MNPC) 
increased TEER more substantially (Fig. 3D; t = 24 h, 2,370 ± 
120 Q.xcm^; p < 0.001). If RA-treated BMECs were primed with 
pericytes during the subculture phase (Fig. 3 A, +RA, Schemes PP 
and PNPC), TEER at confluence was significantly enhanced 
compared to monocultured BMECs (Fig. 3D; t = 0 h, 2,070 ± 
120 flxcm^ vs. 580 ± 42 fixcm^; p < 0.0001). Co-culture of these 
BMECs with differentiated NPCs further enhanced TEER compared 
to BMECs that remained in co-culture with pericytes (Fig. 3D; +RA, 
Scheme PNPC vs. PP; t = 24 h, 3,370 ± 150 fixcm^ vs. 2,700 ± 
53 flxcm^; p < 0.002). To evaluate the reproducibility of the optimal 



PNPC co-culture for barrier maturation, 7 independent cultures of 
IMR90-4-derived BMECs were subcultured with pericytes and 
subsequently co-cultured with 7 independent sets of NPC-derived 
progeny pre-differentiated for a range of time (10-19 days), and 
TEER exceeded at least 2,500 flxcm^ in each experiment (Supple- 
mentary Fig. S6 online). Thus, the model was quite reproducible with 
regards to independent iPSC and NPC differentiation experiments. 

Optimization of co-culture using modified EC medium. The use of 

10% FBS-containing NPC medium during the co-culture phase was 
based on our previous studies^'"*. However, when employing EC 
medium that lacked exogenous bFGF (modified EC medium), 
monocultured RA-treated BMECs could achieve a similarly 
elevated TEER to that of the PNPC co-culture system (Fig. 2D 
compared to Fig. 3D; —3,000 ilxcm^). Therefore, we replaced NPC 
medium in the various co-culture set-ups with modified EC medium 
and re-evaluated TEER induction (Fig. 4A). Pericyte co-culture in 
modified EC medium (Fig. 4A, Scheme PP) yielded TEER up to 4,450 
± 170 flxcm^ whereas a switch to differentiated NPC co-culture 
(Fig. 4A, Scheme PNPC) enhanced TEER further to a maximum at 
24 hours (Fig. 4B; 5,160 ± 320 fixcm^; p < 0.05). If a non-neural 
control (primary human foreskin fibroblasts; Fig. 4A, Scheme EE) 
was used in place of pericytes for both the subculture and co-culture 
phases, TEER was also somewhat elevated above monoculture 
(Scheme MM) upon reaching confluence (Fig. 4B at 0 h; 2,110 ± 
30 Oxcm^; p < 0.01) but not after 24 hours (Fig. 4B; 2,470 ± 
120 Qxcm^ vs. 2,410 ± 370 Oxcm"; p > 0.05) and remained well 
below the TEER induced by pericytes. The optimum PNPC co- 
culture scheme in modified EC medium reached TEER of 
>5,000 Qxcm^ for 5 out of 6 independent differentiation and co- 
culture experiments with a maximum value of 5,350 ± 250 Qxcm^, 
again proving to be independent of the NPC differentiation 
timeframe (Fig. 4C and Table 2). Moreover, the TEER remained 
elevated above 3,000 Qxcm^ for over 3 days (Fig. 4B). Importantly, 
under these same optimal co-culture and medium conditions, DF19- 
9-1 IT-derived BMECs reached TEER values of 4,740 ± 300 flxcm^ 
and H9-derived BMECs attained TEER values of 1,680 ± 95 fixcm^ 
(Table 2), indicating that the PNPC co-culture scheme is genera- 
lizable across different hPSC lines. As expected, the extremely high 
TEER reached by IMR90-4-derived BMECs correlated with high 
fidelity tight junctions (Fig. 4D; 1.4 ± 0.6% frayed junctions), 
although tight junction fidelity was not significantly different from 
a direct comparison to BMECs only treated with RA (Fig. 4D; 1.5 ± 
0.9% frayed junctions; p > 0.05). Finally, to measure the general 
barrier restrictiveness to paraceUular flux, the permeability (P^) of 
radiolabeled sucrose was found to be very low and indistinguishable 
between RA-treated BMECs alone (5.3 ± 1.7 X 10"' cm/s) and the 
optimal PNPC system (5.7 ± 1.2 X 10"' cm/s), which despite the 
TEER difference (—3,000 vs. —5,000 flxcm^) agrees with previous 
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Figure 3 | Effects of pericyte and differentiated NPC co-culture on TEER induction in IMR90-4-derived BMECs. (A) Description of co-culture 
schemes. For all experiments, IMR90-4-derived BMECs were purified into standard EC medium for the subculture phase and switched to NPC medium 
for the co-culture phase. (B) NPCs were differentiated for 9, 12, or 15 days prior to co-culture with IMR90-4-derived BMECs (Scheme MNPC). 
Monocultured IMR90-4-derived BMECs were used as a negative control (Scheme MM). (C) TEER measured on IMR90-4-derived BMECs in co-culture 
with pericytes and differentiated NPCs (Schemes MP, MNPC, and PNPC). *, p < 0.01 between Schemes MP and MNPC; **, p < 0.02 between Schemes 
MNPC and PNPC. (D) 10 |iM RA treatment prior to pericyte and differentiated NPC co-culture. TEER for RA-treated BMECs was measured upon 
confluence (0 h) and after 24 hours (24 h). The increase in baseline TEER at confluence for Schemes PP and PNPC compared to Schemes MM, MP, and 
MNPC was reproducible across six biological experiments. For aU experiments, triplicate filters were used to calculate mean ± S.D. and statistical 
significance was calculated using the student's unpaired t-test. 



reports demonstrating negligible differences in passive permeability 
of small molecules above certain TEER thresholds''™. Taken toge- 
ther, the combination of RA treatment, pericyte and differentiated 
NPC co-culture, and media optimization leads to a human BBB 
model with very tight barrier properties. 

Discussion 

The purpose of this work was to construct a renewable, robust hu- 
man BBB multicellular co-culture model employing hPSCs, NPCs, 
and pericytes. Using previous studies as guides^"''^''"", RA was iden- 



tified as a significant modulator of BMEC properties during hPSC 
differentiation that greatly enhanced physical barrier characteristics 
as demonstrated by elevated TEER in BMECs cultured alone or with 
neurovascular cell co-culture. In recent work, RA treatment on the 
hCMEC/D3 human brain endothelial cell line served to increase 
occludin and VE-cadherin expression, and the authors suggested 
that RA secreted by radial glia may be involved in BBB develop- 
ment^'. In our study, when RA was added during the endothelial 
progenitor expansion phase of hPSC-derived BMEC differentiation, 
similar results were observed including an earlier onset of VE- 



Table 2 | Maximum TEER achieved 
Co-culture scheme" 


in co-cultured RA-treated hPSC derived BMECs 
Co-culture medium 


Maximum TEER (Oxcm^)'' 


im90-4-derWed BMECs 






MM 


NPC medium 


1 ,040 ±110 


MP 


NPC medium 


1,600 ±53 


MNPC 


NPC medium 


2,940 ± 230 (3) 


PP 


NPC medium 


2,890 ± 270 


PNPC 


NPC medium 


3,610 ± 370 (7) 


PP 


Modified EC medium 


4,450 ± 1 80 


PNPC 


Modified EC medium 


5,350 ± 250 (6) 


DFl 9-9-11 T-derived BMECs 




PNPC 


Modified EC medium 


4,740 ± 300 (2) 


H9-derived BMECs 




PNPC 


Modified EC medium 


1,680 ± 95 (2) 


a] See Figures 3A and 4A for details. 

b) Maximum TEER values are presented as mean ± S.D. calculated from triplicate filters, ondthey were typically observed 24 h after bPGF was v 
replicates is in parentheses and the tabulated values represent the highest maximum TEER observed within this set of biological replicates. 


vithdrawn from the culture media. The number of biological 
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Figure 4 | Optimized co-culture of IMR90-4-derived RA-treated BMECs in modified EC medium. 10 jiM RA was used for all experiments. 
(A) BMECs were purified into standard EC medium for the subculture phase and switched to modified EC medium for the co-culture phase. Scheme FF 
utilized non-neural fibroblasts as a cellular control. (B) Time course of TEER induction. Data is presented as mean ± S.D. calculated from triplicate 
filters. The baseline TEER increase at 0 h due to pericytes relative to fibroblasts was confirmed across three biological replicates. (C) Biological replicates 
for Scheme PNPC. NPC differentiation time ranged from 9-24 days. Data is presented as mean ± S.D. calculated from triplicate filters. Each bar represents 
an individual biological experiment. (D) Tight junction fidelity via occludin immunofluorescence was compared in RA-treated BMECs from Scheme 
MM and Scheme PNPC. 



cadherin expression and increased occludin expression. Moreover, 
the BMEC yield was increased 2-fold and the tightness of the hPSC- 
derived BMEC monolayers as measured by elevated TEER was sig- 
nificantly enhanced for three different hPSC lines. Somewhat unex- 
pectedly, RA treatment resulted in decreased claudin-5 expression. 
However, the Western blotting analysis was conducted using whole- 
cell lysates and does not take into account the substantially improved 
intercellular claudin-5 junctional continuity upon RA treatment 
(Fig. 2C). We and others have previously observed a strong correla- 
tion between such junctional continuity and resultant barrier pheno- 
jypg6,2!),32 addition, previous work has demonstrated claudin-5 
expression is relatively constant across peripheral and EBB endothe- 
lium while occludin expression is increased at the BBB relative to 
other vascular beds'". Thus, a combination of claudin-5 localization 
and elevated occludin expression may be the key phenotypic indica- 
tors of increased barrier function"'''^ RA treatment of hPSC-derived 
BMECs also selectively increased MRP efflux activity, which agrees 



with reports demonstrating that signaling via nuclear receptors can 
regulate efflux transporter expression and activity at the blood-brain 
barrier in vitro and in vivo"". RA influences many aspects of brain 
development, such as anterior/posterior axis patterning in the hind- 
brain and anterior spinal cord'" ''° and regulation of neurogen- 
esis'" During BMEC differentiation, RA could trigger several 
modes of action. RA may act directly on the developing endothelial 
cells to upregulate BBB properties, it could induce changes in the 
neural cells to indirectly promote BBB differentiation, or it could act 
by a combination of these mechanisms. Future work will be neces- 
sary to deconvolute the RA signaling mechanisms affecting the 
hPSC-derived BMEC differentiation scheme. 

While RA treatment significantly affected resultant BMEC 
phenotype, RA treatment did not have a large impact on the per- 
centage of endothelial cells becoming BMECs for the IMR90-4 iPSC 
line, as this line already yields relatively pure BMEC populations in 
the absence of RA. In contrast, for the H9 hESC line, which forms 



SCIENTIFIC REPORTS | 4:4160 | DOI: 1 0. 1 038/srep041 60 



7 



many endothelial cells devoid of BBB characteristics in the absence of 
RA, supplementation with RA in conjunction with optimized differ- 
entiation timing was capable of enhancing BMEC formation such 
that it could form a substantial barrier upon purification. Taken 
together, RA provided a substantial, generalizable inductive effect 
during the hPSC-derived BMEC differentiation process that 
improved the reliability and quality of the resultant BMECs. While 
our results indicate that some hPSC line-to-line differentiation 
optimization is required, these RA-based methods could in principle 
be used to better facilitate the generation of BBB models using hESC 
and iPSC lines derived in other laboratories. The capability to trans- 
late this work to iPSC lines derived from diseased patients could in 
turn open new avenues for iPSC-based in vitro modeling of complex 
neurological diseases that may feature a BBB component'*''. 

After analyzing the effects of RA during hPSC differentiation to 
BMECs, co-culture of RA-treated BMECs with differentiated NPCs 
was tested for further improvement in barrier function. We had 
previously shown that the duration of rat NPC differentiation (12 
days) was critical in achieving neurons and astrocytes capable of 
inducing BBB properties in primary rat BMECs'. Furthermore, 
human NPCs differentiated for 12 days induced similar BBB prop- 
erties as rat NPCs', which led us to test human NPC differentiation 
times both above and below 12 days to determine if an optimum 
existed. NPCs differentiated for 9-24 days exhibited no significant 
differences in their ability to upregulate TEER in IMR90-4 iPSC- 
derived BMECs, suggesting a minimal NPC differentiation time is 
sufficient to generate neuron/astrocyte mixtures capable of modu- 
lating TEER. Importantly, the general insensitivity of BBB pro- 
perties in the hPSC-derived BMECs relative to the maturation of 
NPC-derived progeny greatly simplifies the alignment of hPSC 
and NPC differentiation timelines thereby facilitating the use of 
hPSC/NPC co-culture models. 

We also explored the inclusion of pericytes in this BBB model 
prior to co-culture with NPC-derived progeny because pericytes 
share the capillary basement membrane with endothelial cells while 
playing important roles in endothelial maturation and survival''\ and 
pericytes contribute to BBB properties in the developing brain prior 
to the onset of astrocyte differentiation'. Expansion of purified 
hPSC-derived BMECs in the presence of pericytes, followed by co- 
culture with differentiated NPCs, more effectively enhanced barrier 
function (TEER) than co-culture with either cell type alone. These 
findings are similar to those of rodent in vitro BBB studies that 
employed various co-culture combinations of primary isolated peri- 
cytes, astrocytes, and BMECs"*'^. Overall, this sequential tri-culture 
system constitutes a human BBB model constructed entirely from 
highly scalable sources. Pericytes have previously been cultured for 
twenty weeks with over forty population doublings'"', which demon- 
strates their proliferative capacity, although ideally in the future, 
these may also be derived from stem cells'". Similarly, NPCs have 
long been recognized for their extensive self-renewal capabilities'"*, 
leading to a virtually unlimited supply of neurons and astrocytes 
upon differentiation. Thus, unlike models which require continuous 
isolations of primary cells, this model derives all of its cellular com- 
ponents from sources that can be propagated in vitro, which helps 
simplify model implementation. 

Perhaps the most striking result from this study is the absolute 
TEER that can be achieved in this model, as a key to using BBB 
models for molecular transport assays is the overall tightness of 
the paracellular junctions in the BMEC monolayer. Treatment with 
RA alone produced TEER above 3,000 flxcm"" in monocultured 
hPSC-derived BMECs and the combination of RA treatment with 
sequential pericyte and differentiated NPC co-culture resulted in 
hPSC-derived BMECs possessing a maximum TEER in excess of 
5,000 flxcm^, which is several-fold higher than the tightest animal- 
derived BBB models and more than 10-fold higher than any pub- 
lished human modeP. While these dramatic increases in tightness 



were initially unexpected, there is a precedent for this level of BBB 
tightness in vivo. Classic experiments performed by Crone and 
Olesen measured an average TEER of 1,870 Qxcm^ at the frog BBB 
with a maximum TEER value of 2,976 Qxcm^ and using theoretically 
calculated values of conductance, they suspected the true maximum 
TEER value to be around 4,000 Qxcm^ (ref 49). Experiments on the 
brains of maturing rats (above 21 days of gestation) by Butt and co- 
workers measured an average TEER of only 1,490 ±170 Qxcm^ in 
brain arterial vessels and 918 ± 127 flxcm^ in venous vessels, but 
they also measured a maximum value of 5,900 Qxcm^ and stated in 
their report that "any potential deterioration of the preparation 
would tend to lower the measured values, so it is conceivable that 
the higher figures reflect the true resistance of the blood-brain bar- 
rier"^^. It should also be noted that these measurements were 
obtained for vessels at the pial surface and parenchymal vessels 
may possess higher resistance values. A study by Smith and 
Rapoport supports this notion by estimating an in vivo TEER of 
8,000 Qxcm^ at the rat BBB based on measured permeability coeffi- 
cients of radioisotopic ions^°. Overall, it is likely that the TEER values 
achieved in the RA-treated hPSC-derived BBB model are approach- 
ing relevant TEER values found in vivo. The longstanding issue of 
relatively leaky monolayers has diminished the overall utility of 
human BBB models", and the extreme tightness of hPSC-derived 
BMEC models using the methods described herein promises to be 
advantageous for many BBB applications. 

Methods 

hPSC differentiation to BMECs. IMR90-4 and DF19-9-11T iPSCs and H9 hESCs 
were maintained between passages 26-42 on Matrigel {BD Biosciences) in mTeSRl 
medium {STEMCELL Technologies) or on irradiated mouse embryonic fibroblasts 
(MEFs) in standard unconditioned medium (UM) as previously described'**. For 
differentiation, cells were passaged onto Matrigel in mTeSRl medium for 2-3 days of 
expansion and then switched to unconditioned medium (UM) lacking bFGF for 6 
days. Human endothelial serum-free medium (hESFM; Life Technologies) 
supplemented with 20 ng/mL bFGF (R&D Systems) and 1% platelet-poor plasma 
derived bovine serum (Biomedical Technologies, Inc.) was then added for an 
additional 2-4 days. All-trans RA (Sigma) was reconstituted in DMSO and included 
at concentrations of 1-10 jiM depending on the experiment. Cells were then 
dissociated with Versene (Life Technologies) and plated onto 12-well tissue culture 
polystyrene plates or 1.12 cm'^ TransweU-Clear® permeable inserts (0.4 [.im pore size) 
coated with a mixture of coUagen IV (400 [ig/mL; Sigma) and fibronectin (100 [ig/ 
mL; Sigma) in H2O. Culture plates were incubated with the coating for at least 30 min 
at 37 C, while the inserts were incubated for a minimum of 4 h at 37"C. Resultant, 
purified hPSC-derived BMECs were then grown in EC medium for 24 h (with or 
without RA); in some experiments, primary pericytes or fibroblasts were co-cultured 
with BMECs during these 24 h (see description below). After this 24 h period, 
BMECs were continued as monoculture or co-cultured as described below. In our 
previous publication, we had utilized dispase for subculturing the BMECs'**, but non- 
enzymatic treatment of the BMECs with Versene results in less debris attached to the 
BMEC monolayer. We had also used hPSCs exclusively maintained on MEFs prior to 
differentiation"*, but in this study no noticeable differences in BBB properties were 
observed between hPSCs maintained on MEFs and hPSCs maintained under feeder- 
independent conditions and we now exclusively use hPSCs maintained in mTeSRl on 
Matrigel. 

Primary cell culture: human neural progenitor cells, human pericytes, and human 
foreskin fibroblasts. Human neural progenitor cells (NPCs) were maintained as 
previously described' in NPC culture medium (70% : 30% DMEM/F12 (Sigma/Life 
Technologies) supplemented with 2% B27 (Life Technologies), 1% antibiotic- 
antimycotic (Life Technologies), 20 ng/mL bFGF, 20 ng/mL epidermal growth factor 
(EGF; Sigma), 10 ng/mL leukemia inhibitory factor (LIF; Millipore), and 5 fig/mL 
heparin (Sigma)), and cells were passaged every 7-10 days using standard chopping 
methods. To initiate differentiation, NPCs were dissociated with accutase (Life 
Technologies) and seeded onto 12-well plates or filters coated with poly-L-lysine/ 
laminin (Sigma) at a density of 2 X 10^ cells/well or 5 X lO'^ceUs/filter. Differentiation 
medium consisted of NPC culture medium with the growth factors replaced by 1% 
fetal bovine serum (FBS; Life Technologies). Medium was changed every third day. 
NPCs were differentiated 9-24 days prior to use in co-culture experiments. 

Primary fetal human brain pericytes (ScienceU) were maintained in DMEM sup- 
plemented with 10% FBS, and expanded for two passages, upon which stock vials 
were frozen in liquid nitrogen. Pericytes were then utilized from the original cell 
culture, or from thawed stock vials, between passages 2-12. Medium was changed 
every second day and cells were subcultured after reaching —90% confluency. For 
subculture, pericytes were washed once with PBS and incubated with accutase for 5- 
10 min until cells began to detach, then re-seeded at a density of 5 X lO"* cells/cm^ on 
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poly- L -lysine- coated flasks, plates, or filters. Pericytes were seeded in 12-well plates or 
filters 1-2 days prior to co-culture and typically were 50-80% confluent when co- 
culture was initiated. Primary human foreskin fibroblasts (BJ line; ATCC) were 
cultured in Minimum Essential Medium (Sigma) supplemented in 10% FBS and used 
as a negative control in certain co-culture experiments. 

Initiation of co-culture experiments. The timing of co-culture is shown in each 
relevant figure. During the 24 hour subculture phase, hPSC-derived BMECs were 
monocultured or co-cultured with pericytes or fibroblasts in EC medium (with or 
without RA). After the 24 h subculture phase, hPSC-derived BMECs were 
maintained as a monoculture or co-cultured with differentiated NPCs, pericytes, or 
fibroblasts. Depending on the experiment, co-culture was conducted in NPC 
differentiation medium containing 10% FBS (denoted NPC medium in the Results 
section) or hESFM containing 1% PDS but not bFGF (denoted modified EC 
medium). Trans -endothelial electrical resistance (TEER) was measured immediately 
prior to co-culture using an EVOM voltohmmeter with STX2 electrodes (World 
Precision Instruments) and approximately every 24 h thereafter as necessary. Raw 
TEER values were adjusted by subtracting TEER measured across an empty filter and 
multiplied by filter surface area to yield TEER (nxcm2) imparted by the BMECs. Each 
filter was measured three times, and triplicate filters were used for each culture 
condition. Because TEER can fluctuate with temperature, care was taken to assure 
measurements were taken at 37'"C. 

Immunocytochemistry and analysis of tight junction fidelity. 

Immunocytochemistry was conducted as previously described with minor 
modifications'^. Cells were blocked in PBS containing 40% goat serum or donkey 
serum (40% PBSG or 40% PBSD; Sigma) at room temperature for 30 min, depending 
on the species of primary antibody. 0.1% Triton X-100 (TX-lOO) was included if 
membrane permeabilization was required. Primary antibodies are listed in 
Supplementary Table SI. Images were taken with an Olympus epifluorescence 
microscope using a Diagnostic Instruments camera run by MetaVue software. For 
quantitative analysis of BMEC integrity, the percentage of cells expressing frayed tight 
junctions was counted using BMECs immunolabeled for occludin. Cells were defined 
as having frayed tight junctions if any ceU-cell contact point appeared discontinuous. 
A minimum of four separate frames and 1000 total cells were counted to obtain a 
percentage of frayed tight junctions. 

Quantitative polymerase chain reaction (qPCR). Cells were washed once with PBS 
and dissociated with accutase. Total RNA was extracted using an RNeasy Mini Kit 
(Qiagen) according to the manufacturer's instructions and quantified using a 
NanoDrop® ND-1000. cDNA was generated from 1 jig of total RNA using 
Omniscript reverse transcriptase (Qiagen) and an oligo-dT primer (Life 
Technologies). qPCR was conducted using 1 ]xL of cDNA and iQ SYBR Green 
Mastermix (Bio-Rad) on an iCycler (Bio-Rad). Relative expression was quantified 
between samples using the comparative cycle threshold (Ct) method with 
glyceraldehyde- 3 -phosphate dehydrogenase (GAPDH) as the housekeeping gene. 
Primer sequences were exactly as previously reported'^. 

Flow cytometry. Cells were washed once with PBS and dissociated with accutase for 
5 min, then spun down and fixed in 2% paraformaldehyde for 15 min or 100% 
methanol for 10 min. Cells were blocked and permeabilized in 40% PBSG or 10% 
PBSD with or without 0.1% TX-lOO for 20 min at room temperature and then 
incubated with primary antibody diluted in 40% PBSG or 10% PBSD for 1 h at room 
temperature or overnight at 4'^C. Antibodies are listed in Supplementary Table Sland 
mouse, rabbit, or goat IgG isotype controls were employed at matching 
concentration. After being washed twice with PBS containing 5% FBS, cells were 
incubated with goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 647, 
donkey anti-goat Alexa Fluor 488, or donkey anti-mouse Alexa Fluor 488 (1 : 200 
dilution) for 30 min at room temperature. After another two washes with PBS 
containing 5% FBS, cells were analyzed on a FACScaliber flow cytometer and the IgG 
controls were used to quantify positive labeling. GLUT- 1 cells were quantified using 
a GLUT- 1 /forward scatter plot referenced to basal GLUT-1 expression measured at 
day 4 of UM culture as previously described^^. 

Western blots. Cells were washed once with PBS and lysed with RIPA buffer (Pierce). 
Protein concentration was quantified via BCA assay (Pierce) and proteins were then 
resolved by SDS-PAGE on 4-20% Tris-Glycine gradient gels (Life Technologies). 
After transfer to nitrocellulose membranes, blocking was conducted for 1 h in Tris- 
buffered saline (10 mM Tris-HCl, 100 mM NaCl, pH 7.5) containing 0.1% Tween-20 
(TBST) and 5% milk. Samples were probed overnight at 4 'C with anti-VE-cadherin 
(1 : 200), anti-claudin-5 (1 : 250), anti-occludin (1 : 1,000), and anti-beta-actm (Santa 
Cruz Biotechnology; 1 : 5,000) antibodies diluted in TBST with 5% mUk. After being 
washed five times with TBST, samples were incubated with a peroxidase -conjugated 
anti-mouse secondary antibody (Life Technologies; 1 : 2,500) for 1 h at room 
temperature. Protein levels were detected via a SuperSignal West Pico 
ChemUuminescent Substrate (Pierce). 

Efflux transporter and permeability assays. For accumulation assays, IMR90-4- 
derived BMECs differentiated in the presence or absence of RA were passaged onto 
12-weU plates in EC medium with 10 ]xM RA or an equivalent volume of DMSO. 
After reaching confluence, cells were incubated with 10 |iM rhodamine 123 (Sigma), 
0.25 ]iCi [^^C]doxorubicin (PerkinElmer), or 10 |j.M carboxymethyl-2',7'- 



dichlorofluorescein diacetate (DCFDA; Life Technologies) in transport buffer 
(distilled water with 0.12 M NaCl, 25 mM NaHCOg, 3 mM KCl, 2 mM MgS04, 
2 mM CaCb, 0.4 mM K2HPO4, 1 mM HEPES, and 0.1% bovine serum albumin 
(BSA; Sigma)) for 1 h at 37^C on a rotating platform. For inhibition experiments, cells 
were pre-incubated with 10 |iM cyclosporin A (CsA; Sigma), 1 |J.M Kol43 (Sigma), 
or 10 )J.MMK571 (Sigma), dependingon the experiment, for 1 hat 37" Con a rotating 
platform, then co-incubated with the inhibitor and compound of interest. At the 
conclusion of the experiment, cells were washed three times with PBS and lysed with 
PBS containing 5% TX-lOO. Fluorescence (485 nm excitation and 530 nm emission) 
was measured using a plate reader and radioactivity was measured on a scintillation 
counter. Fluorescence/radioactivity was normalized on a per cell basis by counting 
dissociated cells from parallel unlysed wells on a hemacytometer. For rhodamine 123 
transport assays, IMR90-4-derived BMECs were seeded onto filters in EC medium 
with RA or DMSO and allowed to reach confluence over 24 h. After CsA pre- 
incubation, rhodamine 123 with or without CsA was added to the upper chamber in 
transport buffer and cells were incubated for 1 h at 37 'C on a rotating platform. 
Aliquots were then extracted from the bottom chamber and fluorescence was 
quantified on a plate reader. To measure sucrose permeability, 0.4 |,iCi of [^^C] sucrose 
was added to the upper chamber in transport buffer and cells were incubated for 1 h at 
37"C on a rotating platform with aliquots drawn from the bottom chamber every 
1 5 min and replaced with fresh buffer. The rate of accumulation of radioactive ligand 
was used to calculate Pg values. For assays with inhibitors, monolayer fidelity was 
confirmed at the end of each experiment by measuring TEER. 
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